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ABSTRACT

This paper describes several new MMR techniques for structure
determination and spectral assignment of polysaccharides. Positions
of linkages between sugar units can be determined unambigously and
with high sensitivity using a modified version of the well known
INEPT experiment. A new two—dimensional experiment is shown to
ovide excellent resolution and sensitivity in correlating 14 and

r
Y3(: chemical shifts.

INTRODUCT LON

NMR spectroscopy, and in particular Ly and L3¢ mur spectroscopy,
has become an increasingly important tool for the chemical and
physical characterization of carbohydrates and their derivatives. The
usefulness of the MMR wmethod follows from the assignments of

individual proton and carbon resonances to particular hydrogens or
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carbon atoms.! The ability to make these assignments has been
enormously facilitated by the introduction of two-dimensional (2-D)
NMR techniques.z A variety of 2-D lH experiment:s3_ll and, especially,
homonuclear chemical shift correlation (COSY),3‘7 has aided signal
assignments in lH spectra. When proton assignments have been made,
13¢ assignments follow, straightforwardly, from the comstruction of

a ly-13¢ heteronuclear, chemical shift correlation map12"15 or, as
will be demonstrated in this paper, by a recently introduced

"totally decoupled” CSCM experiment.16,17 In those instances in
which only partial assignmeat of the proton spectrum can be made, a
two-dimensional, heteronuclear RELAY experiment can be used to
identify adjacent, protonated 13¢ nuclei;18_24 alternatively, a
13¢-13¢c INADEQUATE experimentZ926 can be used to trace the entire
carbon skeleton of the molecule. Recently, the two-dimensional NOE
experiment8 and the COSY experiment were used for determining
oligosaccharide interglycosidic linkages.27r28 Both of these
approaches to establishing the interglycosidic linkage rely on proton
MR, and are often complicated because of severe spectral overlap.
Additionally, the effects on which those wethods are based, WOE effect
across the glycosidic linkage and the 4JHCOCH scalar coupling, are
strongly conformation dependent, and therefore not always unambiguous.
Alternatively, the linkage site can be determined viz the Li-13¢
three—bond scalar coupling from the anomeric proton across the oxygen
atom to the aglycon carbon atom. The presence of such a coupling, as
well as its magnitude, can be gotten from either a selective proton
flip experiment29 or a selective heteronuclear decoupling
experiment.30'32 Both of these experiments, however, are
time-consuming, and the selective decoupling experiment suffers
especially from poor sensitivity.

We now wish to show that the recently introduced selective INEPT
experimenc33)34 can be used to effectively detect the presence of
long-range Iy-13¢ couplings, and thus can be used as a method for
determining the position of linkages between sugar units. We will
also show that the selective INEPT experiment provides excellent

sensitivity.
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g Spectral assignment of a trisaccharide

3

-g_ While spectral assignments of a saccharide are usually

% accomplished by comparison with related compounds, they can also
3

i be done in a direct manner. As an example, we describe here the
1

é 1y ang 13¢ assignment of the aldotriuronic acid derivative (1).
4 -

i

3 HO

; HO [¢] 0

% OH

¥ HO CHj
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_g 1 0 COOCH,4

3 HO

3 OCH

: HO 3
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% Spectral assignment of the proton resonances of the ring designated

"C" follows immediately from the COSY spectruwm. First, the anomeric

is identified on the basis of the small hemonuclear

proton, Cl,
From this (see Figure 1), the C2

coupling and the downfield shift.
3 proton is then weasured to be at 3.60 ppm, and this proton is in
turn coupled to €3 (3.80 ppm) (broken lines in Fig. l). Protons C4
(3.34 ppm) and C5 (4.68 ppm) are then also straight forwardly
assigned. Protons of the remaining two sugar rings, A and B, are
assigned in an identical manner; however, disctinguishing which
protons correspond to which ring is not readily possible but
requires correlation with the 13¢ spectrum and use of the selective

INEPT experiment, as will be described later. Several proton

resonances are close together, and correlation with 13¢ chemical
shiftsl2-17 requires very high resolution in the proton dimension

(F1) of the CSCM spectrum. This high Fp resolution dramatically

decreases the sensitivity of the experiment, because signal energy
is distributed over all proton-proton multiplet components in the Fj
dimension.35,36 4 recently introduced wmodification of the chemical

shift correlation experiment avoids this loss 1in sensitivity by

refocusing the dephasing that normally occurs during the evolution
The signal of all protou

period due to the proton-proton coupling.




596

UbUL_JJJLﬁM@L

N T T T T
| P ——

50 4.5 4.0 35  PPM

i;izize;. T;o—dlmensional COSY spectrum of trisaccharide, 1,
recor EF 00 Miz. The spectrum results from a 256x512 data

ix, which corresponds to data acquisition times (t and
tgmax)_OE 230 ms in both dimensions. A non-shifted si%gagell
filtering function was used in both dimensions. In order t d
spectrometer instabilities that generate "tj-noise,” the sagpiz :2:

not spun. The coupling netw i
ork can easily be traced o 1 i
spectrum, as discussed in the text. ut from ehie

BAX, EGAN, AND KOVAC

e

et M s

COMPLEX CARBOHYDRATES

900 (e (o] o
« 90)( 180)( 90 X 90
Ty
1 i
, ¢o180° 9
X
| : t
13 1 § !
] ]
i ! ’
t 1 v [} T :
[} ! : ! : )
| 1 | i i !
to spe—sre—ole oot
/2 2 1/24 14/2 172

Figure 2. Pulse scheme of the homonu
heteronuclear shift correlation exper
pulses and receiver are cycled accorc
sensitivity, the delay time between

(and proton decoupling) and the firs!
experiment should be on the order of
average proton longitudinal relaxatil
scheme ylelds a heteronuclear shift

vicinal 14-1i1 couplings are effectiv
geminal proton coupling will still b

multiplet components will then be conc
at the proton chenical shift frequency
this totally decoupled heteronuclear ¢
experiment is depicted in Fig. 2. The
sequence'and the regular CSCM experime
at the mid-point of the evolution per
pulse37 that refocuses dephasing due

couplings, apart from the geminal cou
methylene protons. A section of the

most crowded area of the 2D spectrum,
spectrum was recorded on a NI-270 spe
13¢ frequency. A 128x2048 data matri
wmeasuring time was 2 hrs. The protol
accurately from this decoupled shift

assignment of the 13¢ shifts is dire

the proton shifts determined from Fi

Determination of linkages

A modification of the INEPT exg

introduced that allows magnetizatior




A e R P e it 5 §F
. FEES S

1
3
3

COMPLEX CARBOHYDRATES

o] (o] (s} o] (o]
90 909 1800 90% 90¢
oY DECOUPLE
' ] [}
\ voo180° 90% |
X
' 1 1 ]
, :
13~ 1 !
c 1 | ‘
! 1 ! 1 ; i ﬂn[\UAV
1 ! ' |
! Lo LA
L S U, .
Y2 2 v /2 Y2 13 ty

Figure 2. Pulse scheme of the homonuclear broad-band decoupled
heteronuclear shift correlation experiment. The phases of the rf
pulses and receiver are cycled according to Table 1. For optimﬁﬁ
sensitivity, the delay time between the end of data acquisition
(and proton decoupling) and the first 90° lH pulse of the next
experiment should be on the order of 1.5 T;, where Tj is the
average proton longitudinal relaxation time. This experimental
scheme yields a heteronuclear shift correlation map from which the
vicinal lu-li couplings are effectively removed. Splittings due to
geminal proton coupling will still be present in the F; dimension.

multiplet components will then be concentrated into one narrow line
at the proton chemical shift frequency.16rl7 The pulse sequence of
this totally decoupled heteronuclear chemical shift correlation
experiment is depicted in Fig. 2. The difference between this
sequence and the regular CSCM experiment is that the 180° 13¢ pulse
at the mid-point of the evolution period is replaced by a bilinear
pulse37 that refocuses dephasing due to all proton-proton scalar
couplings, apart from the geminal coupling between non—-equivalent
methylene protons. A section of the CSCM spectrum, displaying the
most crowded area of the 2D spectrum, is shown in Figure 3. The
spectrum was recorded on a NL~270 spectrometer, operating at 68 MHz
L3¢ frequency. A 128x2048 data matrix was acquired and the total

measuring time was 2 hrs. The proton chemical shifts can be measured
accurately from this decoupled shift correlation map, and
assignment of the 13¢ shifts is directly possible by comparison with

the proton shifts determined from Figure 1.

Determination of linkages

A modification of the INEPT experiment39'4l has recently been

introduced that allows magnetization transfer from a pre-selected
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TABLE 2. 18 and 13C Chemical Shifts of Trisaccharide 1.

Ring 1 2 3 4 5 6 Me(l) Me(4) HMe(6)

1y 4.46 3.25  3.42  3.62  3.32
3.98

A

13¢ 103.3 74.1 76,9 70.5 66.5

1 4.47 3.32  3.65 3.76  3.39 3.53
B 4.09

3¢ 105.4 79.2 73.4 78.1 64.0 58.6

1y 5.23 3.60 3.80 3.34 4.68 3.46  3.84
C

3¢ 99.5 72.2 73.3 82.6 70.8 173.3 61.1  54.5

proton to a nucleus (3,5., 158 or 13C) that has a long-~range scalar

interaction of several or more Hertz with this proton.33n34 It has

peen demonstrated that this modified, selective INEPT experiment can

be used for sensitivity enhancement of non-protonated 13y nuclei,33

and for assignment of 1y and 13¢ spectra.34 We herein demonstrate

that the coupling across the interglycosidic linkage in an

oligosaccharide can be used, in a direct and unawbiguous way, to
establish the presence of this linkage. The pulse sequence of the
modified INEPT experiment is schematized in Figure 4. The experiment

funcrions basically in the same way as the usual, refocused INEPT

experiment;al there are several important differences: all proton
pulses are soft pulses (YHZ ~ 20 dz), affecting only or predominantly

magnetization of one preselected proton. During the delay A3, proton

coupling magnetization vectors precess under influence of loung-range

14-13¢ tnteraction (provided that a 13¢ nucleus is present at two or three

bonds removed from this proton) and all other effects (proton chemical
shift, homonuclear proton coupling, and static magnetic field
inhomogeneity) are removed by the soft 180° 1u pulse, applied at the
wid~point of the interval pp. In analogy with the regular INEPT

experiment, the delay, Ay, is set to a duration on the order of
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Figure 4. Pulse scheme of the selective INEPT experiment. All
proton pulses are soft pulses (yiy = 20 Hz), applied to a
preselected proton resonance. The phase of the second 90° 1H pulse
is alternated along the + Y axis in successive experiments, and data
are accordingly added and subtracted. For optimum polarization
transfer from one proton to one C nucleus with a scalar coupling
J, the optimum condition for transfer is Ay + 2190 = A2 + 190 =
1/2J, where 19g 1s the duration of the soft 90° proton pulse

(= 12 ms).

l/(21rJCH), where 1rJCH is the expected value for the three-bond
long-range Jcy coupling. To minimize the effects of 14 transverse
relaxation, a shorter value for Aj 1s oftén selected (on the order

of 50 msec). At the end of the interval, Ay, the 90°(LH)/90°(13¢c)
pulse—pair transfers the proton polarization to the 13¢ nucleus.39 .41
During the delay, Ap, the average precession of the transferred 13¢
magnetization is determined solely by the long-range coupling 1rJCH,
to the preselected proton, since all other interactions are refocused
by the 13¢ pulse. After a time, Ap=1/(21TJcy), all transferred
magnetization is in phase along the y axis, when high power broad-
band proton decoupling is begun. To limit relaxation effects, the
delay, Ap, is also chosen to be slightly (20-40%) shorter than
1/ .

protouns of a wethyl group to a 13¢ nucleus that has a long—-range

For transfer of magnetization from the three equivalent

coupling with those protons, the optimum Ay value is approximately
l/(5lrJCH).4l

It has been shown3* that the selective INEPT experiment is very
sensitive and, like the regular INEPT experiment, can give a 13¢

signal enhancement of approximately a factor of four. Because of a

miss set of the delays, A} and Ay, for the generally unknown values
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Figure 5. (a) Proton spectrum of sucrose recorded at 270 oHz, on a
0.6 M solution 1n a 5 mm sample tube. (b) 13¢ spectrum obtained in
8 scans (c) Selective INEPT spectrum, pulsing proton G-1, obtained
from 32 scans. All 13¢C resonances that have a significant  long-

range coupling with proton G-1 appear in the selective INEPT

e,

Gy s

spectrum.

of the long-range couplings, sensitivity will suffer, but will still
be better than, for example, selective decouplingao_Jz or the two

dimensional selective proton-flip experiment29 or selective population

transfer via long range couplings.42

As a first example, Fig. 5 shows the selective INEPT spectrum
of a 0.6 M solution of sucrose (2) in 2H20, selectively pulsing
proton H~1l of the glucose ring, and yields glucose carbons G-3 and

CH20 H
HO V)
HO

CH,0Hy_ OH
™~

OH
0 © CH,OH
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G-5 and fructose carbon F-2. The spectral assignments of sucrose
were made originally by Pfeffer §£_3£.43 and later confirmed by a
two-dimensional double quantum INADEQUATE experiment.25 ag expected,
the two-bond coupling between H~1 and carbon G-2 is small (= 1Hz)
(see references 44 and 45) and results in little polarization
transfer in the selective INEPT experiment. The critical factor ip
applying the selective INEPT experiment for determination of the
interglycosidie linkage position s the size of the three~bond
coupling constant, 3JHCOC' The magnitude of this coupling depends
on the dihedral angle, fn a Karplus-type relationship. The values
of those three-bond couplings have been measured for sugars 1, 2 and

3, and are given in Table 3.

0,
HO
Mo/m/oci’h
OH HO oH

3

All of the three-bond couplings across the glycosidic linkage lie
between 3.5 and 5.5 Hz and are presumably typical values for this
type of linkage. These couplings are sufficiently large to allow

unambiguous use of the selective INEPT experiment. Figure 6 shows

TABLE 3. tlagnitude of
BJHCOC Couplings in a Number of Oligosaccharides

Sugar iy 13¢ 3Jucoc (Hz)
1 Al B4 4.6 + 0.2
1 B4 Al 5.0 £ 0.1
1 Cl B2 3.5 t 0.5
1 B2 cl 5.2 t 0.1
1 Bl Me Bl 5.1 + 0.2
1 Me Bl Bl 5.25 =+ 0.1
1 Me C6 o) 7.0 + 0.1
2 Gl F2 4.0 = 0.1
3 Al B4 4.5 + 0.2
3 B4 Al 4.6 £ 0.2

{
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Figure 6. Spectra of a 0.3 M solution of disaccharide, 3, in 24,0
in a 5 mm sample tube. (a) 270 MHz proton spectrum (b) 68 MHz 13¢
spectrum obtained from 16 scans (c)-(f) Selective INEPT spectra,
transferring from protons Al, B4, Bl and the methyl protons,
respectively. All selective INEPT spectra result from 64 scans.

In spectra (c)-(e), both delays, b7 and by, were set to 50 ws. In
transfer from the methyl protons (g), delay 4; was set to 50 ms and
4,5 to 24 ms.
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the selective INEPT spectra for'methyl B~xylobioside, 3. It is seen
from Figure 6 that the interglycosidic linkage can be easily checked
in both directions. Figure 6c shows transfer from proton Al to
carbon B4, and 6d shows transfer from proton B4 to carbon Al.
Similarly, the methylated site can be found by transfer from protou
Bl (Fig. 6e) or by transfer from the methyl protons (Fig. 6f).
Transfer from overlapping, but not mutually coupled protons, is also
possible but will generally show more 13¢ resonances because
magnetization is transferred grom a number of different protons.
(These 13¢ resonance assignments are in agreement with those
reported in the literature46). Figure 7 shows the selective INEPT
spectra for the trisaccharide, I, that define the positions of
interglycosidic linkages and that show the methylated sites.

Figure 7g, which shows transfer from the methyl protons to carbon Cé,
also shows a low intensity resonance for carbon C4, due to transfer
via 2JCH from proton C3, which is close in frequency to the methyl
resonance selected. From the limited number of sugars ionvestigated
in this paper, one finds that the coupling across the interglycoéidic
linkage seems Independent of the type of linkage (o and g). However,
at least for the pyranose sugars, the couplings hetween che anomeric
proton and carbons 3 and 5 of the same ring seem to be very small for
the g configuration, but significant for the a configuration (the

glucose unit in sucrose and ring € in 1).

Selective polarization transfer in a polymer

The use of the selective INEPT experiment is based on the
presence of long-range heteronuclear scalar couplings. The question
arises whether this technique is exclusively applicable to small
molecules with a relatively long transverse relaxation time, T9, or
whether this method can also be applied to the study of macromolecules
wherein long-range couplings are poorly or not at all resolved. It
will be shown, that although the efficiency of the experiment
decreases for short transverse relaxation times, a selective INEPT

experiment is still feasible for Ty values in excess of 100 msec.

Experiments were performed on the Haemophilus influenzae type b

capsular polysaccharide 4, a compound investigated in the past by
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Figufe 7. Spectra of a 0.15 M solution of the trisaccharide, 1, in
21{20 in a 5 mm sample tube. (a) 270 MHz proton spectrum. (b) 68

MHz 13C spectrum obtained from 64 scans. (c)-(g) Selective INEPT
spectra transferring from protons Cl (¢), overlapping protons Al

and Bl (d), the methyl protons at 3.54 ppm (e), the methyl protons at
3.45 ppm (f) and the methyl protons at 3.85 ppm (g). All selective
INEPT spectra result from 256 scans.
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160 * 25 msec. 13¢ 19 values were measured t

t spin echo sequence with no proton decouplir

1, and measured to be 80 + 20 msec for the ¢

unit, and might possibly have been shortened

of the hydroxyl 2y, Figure 8c shows the sel

obtained from pulsing proton H-1,
3, To show th

and yields

(previously assigned47) and C-

unassigned resonance is indeed C-3 and does

two-bond transfer to c-2, a 1y-13¢ correlat]

s assigned using the COSY experiment.

alation transfer (SPT) experim

H-2 wa
selective pop
low-field 13¢c satellite of proton H-2, show

(high intensity) and C-4 (low intensity).

heteronuclear shift correlation is an extre

method in cases where only a small number ¢

ldentified'and where the proton spectrum ic

allow a selective pulse for one of the 13¢

The pulse sequence of this deco

spectrume.
A number of 990° 3¢ ¢

sketched in Fig. 9.
pulse saturates all 13¢

selective 130° 1y
13¢

180° pulse, applied selectively to the

preselected proton, changes the iatensity

180°
W RS
90°
13C ” “
SATURATE o
Figure 9. Pulse sequence of the deco

Saturation of the 13¢ signal is obtal
aumber (»5) of 90° 13¢ pulses spaced
radiofrequency fileld strength of the
the order of 20 Hz (pulse width 25 me
started immediately after the 90° obs
decoupling 1is switched on a time, A,
set to 1/(2J¢y) for methine resonanct
methylene and methyl groups.




COMPLEX CARBOHYDRATES

160 * 25 msec. 13¢ Ty values were measured using a 90° - 1 - 180° -
1 spin echo sequence with no proton decoupling during the delays,

1, and measured to be 80 * 20 msec for the ring carbons of the sugar
unit, and might possibly have been shortened by slow exchange

of the hydroxyl 2y. Figure 8c shows ‘the selective INEPT spectrum
obtained from pulsing proton H-1, and yields resonances C-4 and C-1'
(previously asslgned47) and C-3. To show that the previously
unassigned resonance is Iindeed C-3 and does not originate from a -
two—bond transfer to C-2, a 14-13¢ correlation is necessary. First
H-2 was assigned using the COSY experiment. Then the decoupled
selective population transfer (SPT) experiment,48 applied to the
low-field 13C satellite of proton H-2, shows resonances C-2 (Fig. 8d)
(high intensity) and C-4 (low intensity). This one-dimensional
heteronuclear shift correlation is an extremely sensitive and simple
method in cases where only a small number of carbons have to be
identified and where the proton spectrum is sufficiently resolved to
allow a selective pulse for one of the 13¢ satellites in the 1
spectrum. The pulse sequence of this decoupled SPT experiument is
sketched in Fig. 9. A number of 90° 13¢ pulses prior to the
selective 180° 1y pulse saturates all 13¢ magnetization. The proton
180° pulse, applied selectively to the 13¢ satellite of one

preselected proton, changes the intensity of the 13¢ doublet

H | | 4| DECOUPLE

]BC ll Il ACQUIRE

SATURATE

Figure 9. Pulse sequence of the decoupled SPT experiment.
Saturation of the 13¢C signal is obtained by the application of a
aumber (>3) of 90° 13¢ pulses spaced on the order of 15 msec. The
radiofrequency field strength of the soft proton 180° pulse is on
the order of 20 Hz (pulse width 25 ms). Data acquisition is
started immediately after the 90° observe pulse, and broad-band
decoupling 1is switched on a time, 4, later. The duration of 4 is
set to 1/(2Jcy) for methine resonances and to 1/(4Jcy) for
methylene and methyl groups.
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